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Velocity and acceleration characteristics provide valuable information about dynamic control of accommodation. We investigat-
ed velocity and acceleration of disaccommodation (near-far focusing) from three starting positions. Peak velocity and peak accel-
eration of disaccommodation increased with the proximity of starting position however for a given starting position they were
invariant of response magnitude. These results suggest that all disaccommodation responses are initiated towards a constant pri-
mary destination and are switched mid-ﬂight to attain the desired ﬁnal position. Large discrepancies between the primary destina-
tion and desired ﬁnal position appear to produce overshoots and oscillations of small responses from proximal starting positions.
 2005 Elsevier Ltd. All rights reserved.
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Ocular disaccommodation refers to the change in fo-
cus of the human eye from a proximal target to a distal
target. Two general trends describe the ﬁrst-order
dynamics of disaccommodation step responses from a
near starting position to the far point. First, the re-
sponse time (duration from start to completion of disac-
commodation response) and the time constant (time
taken for 63% of the disaccommodation response to
be completed) increases with the response magnitude
(Heron & Winn, 1989; Heron, Charman & Gray,
1999, 2002; Shirachi et al., 1978; Tucker & Charman,
1979). Second, the peak velocity of disaccommodation
increases with the response magnitude [main sequence
relationship (Bahill, Clark, & Stark, 1975)] (Kasthuri-
rangan, Vilupuru, & Glasser, 2003; Mordi & Ciuﬀreda,
2004; see Yamada & Ukai, 1997; Kasthurirangan &
Glasser, in press for slightly diﬀerent results). Previous-0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.06.005
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E-mail address: schor@socrates.berkeley.edu (C.M. Schor).ly, the second-order (acceleration) characteristics of
accommodation (far-to-near focusing) (Bharadwaj &
Schor, 2005; Schor & Bharadwaj, 2005) and disparity
vergence eye movements (Alvarez, Semmlow, Yuan, &
Munoz, 1999) have been described, however the sec-
ond-order dynamics of disaccommodation are un-
known. The ﬁrst- and second-order properties of the
accommodation step response provide valuable infor-
mation about the neural control strategies that initiate
the step response (Bharadwaj & Schor, 2005; Schor &
Bharadwaj, 2005). Our primary aim was to investigate
the ﬁrst- and second-order properties of disaccommoda-
tion step responses to ﬁnd behavioral manifestations of
a neural control strategy of disaccommodation.
Behavioral studies of the dynamics of disaccommo-
dation are usually performed in conjunction with
accommodation (Heron, Charman, & Schor, 2001; Kas-
thurirangan et al., 2003; Mordi & Ciuﬀreda, 2004; Phil-
lips, Shirachi, & Stark, 1972; Schaeﬀel, Wilhelm, &
Zrenner, 1993; Shirachi et al., 1978; Tucker & Charman,
1979). In most of these experiments, accommodation
and disaccommodation step responses were elicited in
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with the ascending limb of the pulse used to stimulate
accommodation from the far point and the descending
limb of the pulse used to stimulate disaccommodation
to the far point (Beers & van der Heijde, 1994, 1996;
Kasthurirangan et al., 2003; Tucker & Charman, 1979;
Yamada & Ukai, 1997). Larger accommodation and
disaccommodation stimulus magnitudes were produced
by increasing the height of the pulse. Pulse changes in
electrical current have also been employed in primates
to stimulate the Edinger–Westphal (EW) nucleus in or-
der to elicit accommodation and disaccommodation
responses (Crawford, Terasawa, & Kaufman, 1989;
Croft et al., 1998; Vilupuru & Glasser, 2002; Vilupuru,
Kasthurirangan, & Glasser, 2005). The diﬀerent ampli-
tude defocus-pulse changes always stimulated accom-
modation responses from a constant starting position,
and disaccommodation responses from diﬀerent starting
positions that ended at the far point (optical inﬁnity)
(Fig. 1A). Under such experimental conditions, the re-
sponse time, time constant, and peak velocity of disac-
commodation increases with the response magnitude
(Croft et al., 1998; Kasthurirangan et al., 2003; MordiFig. 1. (A) Schematic representation of defocus stimuli used in earlier expe
2003; Tucker and Charman, 1979). Accommodation and disaccommodation s
ascending limb of the pulse (upward pointing arrows) stimulated accommoda
stimulated disaccommodation. (B) Schematic representation of the disaccom
starting position schema describes the stimulus paradigm used to construct th
schema describes the stimulus paradigm used to construct the Type-II main& Ciuﬀreda, 2004; Vilupuru & Glasser, 2002). However,
Yamada and Ukai (1997) qualitatively observed that
disaccommodation step responses of diﬀerent magni-
tudes elicited from a constant starting position traveled
initially on a common path. This suggests that the
velocities of disaccommodation responses from a con-
stant starting position could be independent of the re-
sponse magnitude. More recently, Kasthurirangan and
Glasser (in press) reported that the peak velocities of
disaccommodation step responses were indeed indepen-
dent of response magnitude when they were elicited
from a 6 D starting position. However, these experi-
ments did not analyze the second-order dynamics of
disaccommodation. Here, we systematically investigated
the ﬁrst-order dynamic characteristics from three diﬀer-
ent starting positions (2 D, 3 D, and 4 D) and also
examined if the second-order dynamics of disaccommo-
dation also exhibited similar starting position dependent
characteristics?
We describe the dynamics of disaccommodation
using two ﬁrst-order parameters, peak velocity and
time-to-peak velocity (TPV) and two second-order
parameters, peak acceleration and time-to-peakriments (Beers and van der Heijde, 1994, 1996; Kasthurirangan et al.,
tep responses were elicited in response to pulse changes in defocus. The
tion while the descending limb of the pulse (downward pointing arrows)
modation stimulus paradigm used in this experiment. The constant
e Type-I main sequence relationship and the constant ending position
sequence relationship.
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been used earlier to characterize the pulse component
of a pulse-step innervation model of accommodation
(Schor & Bharadwaj, 2005). Parts of this research were
presented in the abstract form at the Fall Vision Meet-
ing (FVM) (Bharadwaj & Schor, 2003) and at the Asso-
ciation for Research in Vision and Ophthalmology
(ARVO) conference (Bharadwaj, Kim, & Schor, 2005).2. Methods
2.1. Subjects
Seven subjects (age range: 21–32 years; mean ± SD:
25.17 ± 3.65 years) with normal visual and oculomotor
functions took part in the experiment. Subject S.R.B.
was one of the authors and he was aware of the aims
of the experiment while the others were naı¨ve to the aims
of the experiment and were inexperienced observers.
Four subjects were ametropic (DS: +0.75 D; AB:
1.25 D; S.R.B.: 1.75 D; KS: 3.75 D) and were fully
corrected during the experiment. All the subjects took
part in the experiment after signing an informed consent
form approved by the Committee for Protection of Hu-
man Subjects (CPHS), University of California at
Berkeley.
2.2. Measurement of dynamics of disaccommodation
A detailed description of the apparatus and the gen-
eral procedure employed to measure disaccommodation
can be found in our earlier paper (Bharadwaj & Schor,
2005). Brieﬂy, a Generation-V SRI Dynamic Infrared
Optometer (Cornsweet & Crane, 1970; Crane & Steele,
1986) was used to stimulate and measure disaccommo-
dative responses. Step changes in optical defocus were
generated in a Badal optometer set-up (Badal, 1876)
using the visual stimulus deﬂector of the SRI Optome-
ter (Crane & Clark, 1978). The visual target was a black
and white Maltese cross centered in a 20 circular aper-
ture of the SRI visual stimulator. The Maltese cross
ﬁlled the entire ﬁeld of view of the subject. Disaccommo-
dation responses were measured monocularly (left eye)
in each subject using the SRI recording optometer (sam-
pling frequency: 200 Hz). The SRI recording optometer
utilizes the Scheiner principle to monitor the conjugate
focus of the eye. The left pupil of each subject was dilat-
ed using 2.5% PHCL eye drops to improve the signal-to-
noise ratio of the instrument. Although 10% PHCL has
been known to reduce the speed of disaccommodation
step responses, it does so equally at all response magni-
tudes (Mordi, Tucker, & Charman, 1986). Further, we
used a much smaller concentration of PHCL (2.5%)
than that was used by Mordi et al. (1986). Thus, it is
very unlikely that the drug would alter the trends inthe dynamics of disaccommodation. The subjects
refractive correction was placed in the optical path of
the left eye at a point conjugate with the eyes entrance
pupil. The subjects head was stabilized in the instru-
ment using a bite bar and a forehead rest.
2.2.1. Calibration trials
Disaccommodative responses were calibrated using
the SRI stimulus optometer. A calibration trial consist-
ed of unit-dioptric step changes in optical vergence from
0 D to 4 D in the accommodation direction and 4 D to
0 D in the disaccommodation direction. Each step stim-
ulus lasted for a period of 4 s. At least three calibration
trials were collected on each subject and the averaged
output voltages were ﬁt with a linear regression equa-
tion. This linear regression equation was subsequently
used to convert the optometer output into units of diop-
ters. The calibration equation obtained from each sub-
ject was used on an individual basis to analyze the
data from the test trials.
2.2.2. Test trials
Each experimental session consisted of 20 trials.
Every trial contained a single disaccommodative stimu-
lus that lasted for a period of 4 s. Three diﬀerent disac-
commodative starting positions (4 D, 3 D, and 2 D)
were used such that the disaccommodative demands
from each of these starting positions were always within
75% of the subjects maximum amplitude of accommo-
dation. In each session, a single disaccommodative start-
ing position was chosen and it was kept constant
throughout the session. Disaccommodative stimulus
magnitudes ranged from 0 D to 4 D for the 4 D starting
position, from 0 D to 3 D for the 3 D starting position
and from 0 D to 2 D for the 2 D starting position
(Fig. 1B) and they were presented in a pseudorandom-
ized fashion. Subjects initiated each trial with a button
press which was followed by a disaccommodative defo-
cus stimulus that was presented after a randomized de-
lay (0–200 ms) to eliminate eﬀects of prediction
(Phillips et al., 1972). Frequent breaks were provided
during the experimental session to prevent the disaccom-
modative system from fatiguing. Lubricating eye drops
were administered during the breaks to minimize any
corneal irritation caused by refrained blinking during
the test trials. At least four sessions were conducted
for each subject on separate days and the data for each
session were pooled together for statistical analysis.
The data for one of the authors (S.R.B.) were collected
on two occasions. First data (ﬁrst session) were collected
during initial pilot experiments while second data (second
session) were collected one year later. During this period,
the trends in the dynamics of disaccommodation changed
signiﬁcantly. Hence his data were not included in the data
analysis of the other subjects and it will be discussed sep-
arately as an example of versatility of disaccommodation.
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were measured from two starting positions: 4 D and
6 D while in his second session, the disaccommodation
responses were measured from 2 D to 6 D starting posi-
tions in 1 D steps. The step stimuli for the 2 D–4 D start-
ing positions were same as used for other subjects. The
step stimuli ranged from 0 D to 5 D for the 5 D starting
position and from 0 D to 6 D for the 6 D starting posi-
tion. In both the sessions, the disaccommodative de-
mands from each starting position were always within
75% of the subjects accommodative amplitude. All the
other data recording and data analysis procedures were
similar to those employed on other subjects.
2.3. Measurement of dynamics of disaccommodation to
combined defocus and size changes (size + defocus
experiment)
Defocus per se has been deemed an insuﬃcient cue
for estimating both the magnitude and direction (far
vs. near) of accommodation (Campbell & Westheimer,
1959; Fincham, 1951; Rosenﬁeld, Ciuﬀreda, Hung &
Gilmartin, 1994), especially when the defocus magnitude
is greater than 2 D (Crane, 1966; Fincham, 1951;
Toates, 1972; Troelstra, Zuber, Miller, & Stark, 1964).
Retinal image defocus was the primary cue for disac-
commodation in our experiment. Thus, the trends in
the dynamics of disaccommodation could be due to
the non-availability of reliable magnitude-estimation
cues. To rule out this possibility, the reliability of the
magnitude-estimation cues was increased by coupling
retinal image size changes to optical defocus (Bharadwaj
& Schor, 2005; Kruger & Pola, 1985, 1986, 1987; McLin,
Schor, & Kruger, 1988). In the current experiment, we
measured the dynamics of disaccommodation by cou-
pling size changes in the target with step defocus chang-
es on one subject (DS). For all other subjects, the size
remained constant with step changes in defocus.
Size changes in the target (black and white Maltese
cross) were generated on a CRT screen using the visual
stimulus generator (VSG) graphics board (Cambridge
Research Systems Limited). These visual stimuli were
electronically coupled with the SRI stimulus optometer
to produce size changes in conjunction with defocus
changes. The Maltese cross subtended 6 at the entrance
pupil of the eye for the three starting positions (2 D,
3 D, and 4 D) and was miniﬁed at the rate of 1.25/D.
All other data acquisition and data analysis procedures
were similar to the ﬁrst experiment.3. Data analysis
The data were analyzed using custom routines in
Microsoft Excel and MATLAB. Dynamic disaccommo-
dative responses (diopters) to step stimuli were plottedas a function of time. The start of the response was
marked by the ﬁrst sample point where the velocity
exceeded 0.5 D/s and continued to do so for the next
100 ms (Bharadwaj & Schor, 2005). The data were aver-
aged over a 200 ms window prior to the start of the
disaccommodation response to compute the starting
dioptric vergence. For a given stimulus starting position,
the disaccommodation responses exhibited variability in
their starting positions. Hence, for all quantitative anal-
yses involving the starting position of disaccommoda-
tion, the responses were grouped together if their
starting positions were within ±0.5 D of the stimulus
starting position.
Disaccommodation responses showed overshoots
and oscillations before attaining a stable steady-state
in four of the seven subjects. Hence, to obtain the end
position and to quantify the magnitude of overshoots,
an exponentially damped sinusoidal function (Eq. (1))
was ﬁt to the portion of the disaccommodation response
following the latency period. Examples of position trac-
es ﬁt with exponentially damped sinusoidal functions are
shown for responses with and without oscillations in
Fig. 2A.
y ¼ k0 þ ½ðk1  eftÞ  ðcosðxtÞ  uÞ; ð1Þ
where y is the disaccommodation response, k0 is the
dioptric vergence at the end of disaccommodation re-
sponse, f is the reciprocal of the decay time constant
for the exponential function, x is the frequency of the
sinusoidal function, t is the time, and u is the phase of
the sinusoidal function.
The ﬁve independent variables of the equation: k0, k1,
f, x, and u were solved using the non-linear least squar-
es technique (lsqcurveﬁt routine in MATLAB) until the
best ﬁt exponentially damped sinusoidal function was
obtained. This function has been commonly used to de-
scribe the characteristics of second-order systems (Nise,
2000). However, we only used the variable k0 to deter-
mine the amplitude at the end of the disaccommodation
response. The diﬀerence between the accommodative
states at the start and end of the response determined
the disaccommodative response magnitude.
We quantiﬁed the magnitude of only the ﬁrst and
most prominent overshoot (primary overshoot) in the
position trace before the response attained a steady-
state. In responses showing multiple overshoots, the
secondary overshoots were not analyzed. The diﬀerence
between the accommodative states at the primary over-
shoot position and the end of the response determined
the magnitude of the primary overshoot (Fig. 2A). To
quantify the magnitude of the primary overshoot as a
function of response magnitude, the amplitude of pri-
mary overshoot for all subjects (except S.R.B.) were
plotted as function of the response magnitude separately
for each starting position. Separate exponential equa-
tions were ﬁt to these plots for each starting position
Fig. 2. (A) Two diﬀerent types of response traces ﬁt with exponentially damped sinusoidal functions y = k0 + [(k1 * e
ft) * (cos (xt)  u)]. The
coeﬃcients of the equation are described in the text. The upper dashed line shows the ﬁt for a response without oscillations
y = 1.42 + [(0.77 * e
3.88t) * (cos (2.62t)  0.07)] and the lower dashed line shows the ﬁt for a response with oscillations
y = 0.99 + [(0.91 * e
3.04t) * (cos (7.85t)  0)]. The two traces have been displaced along the ordinate for sake of clarity. (B and C) Sample
disaccommodation position traces plotted as a function of time. (B) Response traces of approximately 0 D, 1 D, 2 D, and 3 D magnitudes from a 4 D
starting position. (C) Response traces of approximately 1.5 D magnitude from 4 D, 3 D, and 2 D starting positions.
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exhibiting a primary overshoot, a three-step procedure
was employed. First, the responses from all the subjects
(except S.R.B.) were grouped into 0.5 D response mag-
nitude bins. The mean response magnitude for each
bin was calculated. Second, the frequency (in %) of
disaccommodation responses that exhibited a primary
overshoot of >0.10 D was calculated for each response
magnitude bin. Third, the frequency (in %) of responses
exhibiting the primary overshoot was plotted as a func-
tion of the mean response magnitude of each bin. This
three-step procedure was performed separately for each
starting position. The disaccommodation parameters (k0
and primary overshoot magnitude) computed by the
exponentially damped sinusoidal function were con-
ﬁrmed by visually inspecting the data for each response
trace.
Velocity (diopters/s) proﬁles were computed by diﬀer-
entiating the response traces using a 2-point-diﬀerence
algorithm and subsequently smoothing the data using
a 100 ms window. The peak velocity of the disaccommo-
dative response was obtained from the highest value of
the velocity proﬁle. The main-sequence relationship
was plotted in two ways for each subject. First, separate
main-sequences were derived for the each starting posi-
tion by plotting the peak velocity as a function of the re-
sponse magnitude (Type-I main sequence). Second, a
composite main-sequence was derived by plotting the
peak velocity as a function of the response magnitudefor all defocus stimuli stepped from the three diﬀerent
starting positions to an ending position of 0-diopters
(Type-II main sequence). Thus, the Type-II main se-
quence was a subset of the Type-I main sequence plot.
The time-to-peak velocity (TPV) was computed for each
starting position and response magnitude. The TPV was
deﬁned as the duration between the start of the response
and the time when the peak velocity occurred. To assess
the diﬀerences in peak velocity and TPV with starting
position two diﬀerent analyses were performed. First,
the peak velocities and TPVs for all subjects were
lumped together, irrespective of response amplitude,
and plotted as a function of starting position and linear
regression equations were ﬁt to each data set. Second,
the peak velocity and TPV were averaged across diﬀer-
ent response magnitudes for each starting position and
the diﬀerences in mean peak velocity and TPV were
compared in a histogram for the three starting positions.
Acceleration (diopters/s2) proﬁles were computed by
diﬀerentiating the velocity traces using a 2-point-diﬀer-
ence algorithm and subsequently smoothing the data
using a 100 ms window. Only the acceleration lobe
was analyzed in the acceleration proﬁles. The peak
acceleration of the disaccommodative response was ob-
tained from the highest value of the acceleration proﬁle.
Similar to the peak velocity the TPA was computed for
each starting position and response magnitude. The
TPA was deﬁned as the duration between the start of
the response and the time when the peak acceleration
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and TPA with starting position two diﬀerent analyses
were performed. First, the peak accelerations and TPAs
for combined response amplitudes of all subjects were
lumped together and plotted as a function of starting
position and linear regression equations were ﬁt to each
data set. Second, the peak acceleration and TPA were
averaged across diﬀerent response magnitudes for each
starting position and the diﬀerences in the mean peak
acceleration and TPA were compared for the three start-
ing positions.
3.1. Statistical analysis
Statistical analysis was performed on the data of
every subject. Separate linear regression equations were
ﬁt to the Type-I and Type-II main sequence plot, and to
the plots of TPV and peak acceleration as a function of
response magnitude. The slopes of the linear regression
functions were tested for statistically signiﬁcant diﬀer-
ence from zero using a t-statistic. The average peak
velocities, TPVs and peak accelerations from the three
starting positions were assessed for statistically signiﬁ-
cant diﬀerences using a single-factor ANOVA (fac-
tor = starting position) test. The individual averages
were also assessed for statistical signiﬁcance using the
Bonferroni multiple comparisons procedure (Devore &Table 1
Response latencies, Type-I and Type-II main sequence linear regression equat
2 D, 3 D, and 4 D starting positions for the six subjects in the defocus-only ex
experiment
Start position (D) Latency (ms) Type-I main
sequence
KS 2 348.53 ± 65.99 y = 0.51x + 1.13
3 307.50 ± 44.06 y = 0.86x + 1.81
4 305.17 ± 44.37 y = 0.24x + 4.17
ER 2 312.56 ± 47.20 y = 0.23x + 2.63
3 339.31 ± 87.17 y = 0.36x + 3.39
4 426.30 ± 59.25 y = 0.11x + 5.18
AB 2 376.46 ± 76.53 y = 0.70x + 2.81
3 323.75 ± 92.31 y = 0.51x + 3.92
4 349.32 ± 64.34 y = 0.36x + 4.99
JM 2 397.73 ± 111.8 y = 0.20x + 3.65
3 376.53 ± 113.3 y = 0.14x + 6.47
4 274.87 ± 88.53 y = 0.34x + 7.59
MM 2 342.30 ± 73.39 y = 0.54x + 2.45
3 307.86 ± 73.79 y = 0.59x + 5.09
4 303.30 ± 76.64 y = 0.46x + 7.60
DS 2 317.88 ± 105.1 y = 0.30x + 5.51
3 394.17 ± 180.8 y = 0.17x + 7.68
4 301.67 ± 124.3 y = 0.04x + 9.96
DS– 2 323.86 ± 80.44 y = 0.54x + 4.02
3 384.24 ± 95.43 y = 0.77x + 5.41
4 323.33 ± 129.2 y = 0.35x + 8.56
The ± errors indicate 1 SD from the mean.Peck, 1993). The same statistical techniques were used
to analyze the data in the defocus + size experiment.
The slopes and intercepts of the main sequence rela-
tionships linear regression equation were compared in
the defocus + size experiment and the defocus-only
experiment using a T-test measure that compared the
slopes and intercepts of two straight lines (Kleinbaum,
Kupper, Muller, & Nizam, 1998). A P-value and an F-
value (in the case of single-factor ANOVA) of <0.01
was considered statistically signiﬁcant in all cases.4. Results
4.1. Defocus-only experiment
4.1.1. Position characteristics
Fig. 2B shows examples of disaccommodation posi-
tion traces of approximately 0 D, 1 D, 2 D, and 3 D
responses magnitudes from a 4 D starting position.
Fig. 2C shows examples of position traces of approxi-
mately 2 D from 2 D, 3 D, and 4 D starting positions.
The disaccommodation position traces showed a charac-
teristic latency period (approximately 300 ms) followed
by a smooth and steady increase until the steady state
was achieved. Response latency was invariant with both
response magnitude and starting position (Table 1). Theions, mean peak velocity and mean time-to-peak velocity (TPV) for the
periment and for one representative subject (DS–) in the defocus + size
Mean peak
velocity (D/s)
Mean time-to-peak
velocity (ms)
Type-II main
sequence
1.44 ± 0.22 154.67 ± 58.29 y = 1.75x + 0.53
2.98 ± 0.36 222.33 ± 94.70
4.70 ± 0.70 232.41 ± 58.09
2.89 ± 0.43 231.60 ± 82.50 y = 0.89x + 1.90
4.02 ± 0.88 260.24 ± 107.3
5.50 ± 0.82 275.83 ± 82.88
3.81 ± 0.99 197.18 ± 69.29 y = 1.28x + 1.77
4.90 ± 0.97 231.09 ± 94.26
5.84 ± 1.02 228.19 ± 94.57
3.83 ± 1.09 162.50 ± 80.95 y = 2.31x + 2.15
6.69 ± 1.68 166.18 ± 96.18
8.36 ± 1.39 196.05 ± 70.03
4.02 ± 0.97 189.20 ± 69.75 y = 2.26x + 1.76
6.06 ± 0.95 194.91 ± 76.07
8.33 ± 1.68 191.42 ± 74.68
5.72 ± 1.31 155.19 ± 65.03 y = 1.55x + 4.92
7.90 ± 1.08 201.81 ± 124.2
10.05 ± 0.54 224.44 ± 83.31
4.66 ± 0.69 160.86 ± 80.69 —
6.59 ± 1.14 184.82 ± 85.37
9.30 ± 1.12 216.83 ± 79.23
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good ﬁts to the disaccommodation response traces (Fig.
2A). The stimulus–response function for each starting
position showed a linear increase in the response magni-
tude as a function of the stimulus magnitude (not
shown). None of the responses showed large lags or
leads of disaccommodation.
4.1.2. Primary overshoot characteristics
The magnitude of primary overshoot was plotted as
a function of response magnitude for each starting po-
sition (Fig. 3A). Separate exponential equations
(y = k0 + k1 * e
!x) were ﬁt to the data of each start-
ing position. The best ﬁt exponential equation for
each starting position (2 D starting position: y =
0.082 + 6.379 * e3.96x; 3 D starting position: y =
0.048 + 2.097 * e1.99x; 4 D starting position:
y = 0.093 + 1.670 * e0.72x) showed three characteris-
tic trends. First, for a given starting position, the mag-
nitude of the primary overshoot was larger for the
smaller response magnitudes than for the larger re-Fig. 3. (A) The magnitude of the primary overshoot in the position
traces plotted as a function of response magnitude for the 4 D, 3 D,
and 2 D starting positions. For each starting position, the data from all
the subjects (except S.R.B.) were pooled together in this plot. The
black, gray, and mottled circles represent data for the 4 D, 3 D, and
2 D starting positions, respectively. The black, gray, and mottled lines
represent the best-ﬁt exponential equations to the data of the 4 D, 3 D,
and 2 D starting positions, respectively. (B) Frequency (in %) of
position traces showing a primary overshoot of >0.10 D plotted as a
function of the mean response magnitude for each 0.5 D response
magnitude bin. The black, gray, and mottled circles represent data for
the 4 D, 3 D, and 2 D starting positions, respectively. The black, gray,
and mottled lines represent the best-ﬁt exponential equations to the
data of the 4 D, 3 D, and 2 D starting positions, respectively.sponse magnitudes (Fig. 3A). Second, the magnitude
of the primary overshoots of smaller response magni-
tudes increased with the proximity of the starting po-
sition (Fig. 3A). Third, the rate of regression of the
magnitude of primary overshoots with response mag-
nitude (!) decreased with the starting position of
disaccommodation (Fig. 3A).
The frequency of responses exhibiting the primary
overshoot was plotted as a function of the average re-
sponse magnitude for each 0.5 D response magnitude
bin (Fig. 4B). Separate exponential equations
(y = k0 + k1 * e
!x) were ﬁt to the data of each starting
position. The best ﬁt exponential equation for each start-
ing position (2 D starting position: y = 3.53 + 47.67 *
e1.50x; 3 D starting position: y = 1.18 + 157.04 *
e1.05x; 4 D starting position: y =15.57 + 152.51 * e0.57x)
showed three characteristic trends. First, for a given
starting position, the primary overshoots were more
frequent in smaller responsemagnitudes than in larger re-
sponse magnitudes (Fig. 3B). Second, the frequency of
responses showing the primary overshoot of the smaller
response magnitudes increased with the proximity of the
starting position (Fig. 3B). Third, the rate of regression
of the frequency of response showing primary overshoots
with response magnitude (!) decreased with the starting
position of disaccommodation (Fig. 3B).Fig. 4. Velocity proﬁles are illustrated for the disaccommodation
position traces shown in Figs. 3A and B. (A) Velocity proﬁles for
approximately 0 D, 1 D, 2 D, and 3 D magnitude responses from a 4 D
starting position. (B) Velocity proﬁles for approximately 1.5 D
magnitude responses from 4 D, 3 D, and 2 D starting positions.
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Figs. 4A and B show the velocity proﬁles for the po-
sition traces shown in Figs. 2B and C, respectively. The
velocity proﬁles showed a linear increase in velocity dur-
ing the beginning of the response until the peak velocity
was reached. This was followed by a gradual decelera-
tion to a steady-state position. In responses showing
oscillations prior to steady-state position, positive lobes
in the velocity proﬁles were noted during the decelera-
tion phase of the response (not shown). Two signiﬁcantly
diﬀerent trends were noted in the velocity proﬁles. First,
for a constant starting position, the peak velocity of
disaccommodation remained invariant of the response
magnitude (Fig. 4A). Second, the peak velocity of
responses that were similar in magnitude (change in po-
sition) increased with the proximity of starting position
(Fig. 4B). Thus a 2 D disaccommodation response start-
ing at 4 D had a higher velocity than a 2 D disaccommo-
dation response starting at 2 D.
For each starting position, the slopes of the linear
regression equation ﬁt to the Type-I main sequence
showed a small non-zero value that was statistically
insigniﬁcantly diﬀerent from zero (P-value: >0.5) (Figs.
5A and B, Table 1) indicating that peak velocity wasFig. 5. Type-I (A and B) and Type-II (C and D) main sequence relationship
lines in each ﬁgure represent the linear regression equation ﬁt to the data po
from zero for all three starting positions while the slope of the Type-II mainindependent of response magnitude from a common
starting point. The y-intercepts of the Type-I main se-
quence linear regression equation progressively in-
creased with the starting position (Figs. 5A and B,
Table 1). The Type-II main sequence relationship
showed an increase in the peak velocity as a function
of response magnitude (Figs. 5C and D). The slopes of
the linear regression function ﬁt to the Type-II main
sequence diﬀered signiﬁcantly from zero in all subjects
(P-value: <0.001) (Figs. 5C and D, Table 1).
The linear regression equation ﬁt to the data of peak
velocity as a function of starting position for all re-
sponse magnitudes and subjects (y = 1.4355x + 1.1345),
showed a statistically signiﬁcant increase in peak veloc-
ity with starting position (P-value: <0.01) (Fig. 6A). The
mean peak velocities of all response magnitudes from a
common starting position also increased signiﬁcantly
with the proximity of the starting position for all sub-
jects (F-value: <0.01) (Fig. 6B). The subjects and condi-
tions in which statistical signiﬁcance was obtained are
denoted with an asterisk symbol. These results indicated
that the velocity characteristics of disaccommodation
were dependent on the starting position of disaccommo-
dation and not on the disaccommodation responses are plotted for two representative subjects (MM and KS). The solid
ints. The slope of the Type-I main sequence is insigniﬁcantly diﬀerent
sequence diﬀers signiﬁcantly from zero.
Fig. 6. (A) Peak velocity of disaccommodation is plotted as a function of starting position for all subjects (except S.R.B.). The solid line represents
the linear regression equation ﬁt to the data. (B) Mean peak velocity for the three starting positions for all the subjects in the defocus-only experiment
and for subject DS in the defocus + size experiment. (C) TPV is plotted as a function of starting position for all subjects (except S.R.B.). The solid line
represents the linear regression equation ﬁt to the data. (D) Mean TPV is plotted for the three starting positions for all the subjects in the defocus-
only experiment and for subject DS in the defocus + size experiment. The error bars in (B and D) indicate ±1 SD and the asterisk (*) symbol indicates
statistical signiﬁcance at a P-value of 60.01 and NS indicates statistical insigniﬁcance.
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peak velocity of disaccommodation remained invariant
with the response magnitude and they increased with
the proximity of the starting position.
For a constant starting position, the TPV remained
constant with the response magnitude for all the subjects
(P-value: >0.5). The linear regression equation ﬁt to the
lumped data of TPV as a function starting position
(y = 12.462x + 168.98) showed a statistically insigniﬁcant
change in TPVwith starting position (P-value: >0.3) (Fig.
6C). The mean TPV for all response magnitudes from a
common starting position changed signiﬁcantly between
the 2 D and 4 D stating positions in three of the six sub-
jects (Fig. 6D) however the changes were not signiﬁcant
for 2 D versus 3 D and 3 D versus 4 D starting positions
because of the variable responses (Fig. 6D). The subjects
and conditions in which statistical signiﬁcance was ob-
tained are denoted with an asterisk symbol.
4.1.4. Acceleration characteristics
Figs. 7A and B show the acceleration proﬁles for the
velocity traces shown in Figs. 4A and B, respectively.
They showed a prominent acceleration lobe and a lessprominent deceleration lobe. Although more variable
than the peak velocity, the peak acceleration of disac-
commodation showed similar trends as the peak veloc-
ity of disaccommodation. For a constant starting
position, the peak acceleration remained invariant with
response magnitude (P-value: >0.5). The linear regres-
sion equation ﬁt to the data of peak acceleration as a
function starting position for all response magnitudes
and subjects (y = 15.413x + 17.822) showed a statisti-
cally signiﬁcant increase in peak acceleration with
starting position (P-value: <0.01) (Fig. 8A, Table 2).
The averaged peak accelerations of all response magni-
tudes from a common starting position increased sig-
niﬁcantly with the proximity of the starting position
in all but a few conditions (F-value: <0.01) (Fig. 8B,
Table 2). The subjects and conditions in which statisti-
cal signiﬁcance was obtained are denoted with an aster-
isk symbol. These results indicated that the peak
acceleration characteristics of disaccommodation also
depend on the starting position.
For a constant starting position, the TPA remained
constant with the response magnitude for all the subjects
(P-value: >0.5). The linear regression equation ﬁt to the
Fig. 7. Acceleration proﬁles for the disaccommodation position traces
shown in Figs. 3A and B. (A) Acceleration proﬁles are shown for
approximately 0 D, 1 D, 2 D, and 3 D magnitude responses from a 4 D
starting position. (B) Acceleration proﬁles are shown for approxi-
mately 1.5 D magnitude responses from 4 D, 3 D, and 2 D starting
positions. The acceleration proﬁles were characterized by a prominent
acceleration lobe and lesser prominent deceleration lobe(s).
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(y = 6.9313x + 79.427) showed a statistically insigniﬁ-
cant change in TPA with starting position (P-value:
>0.5) (Fig. 8C, Table 2). The mean TPA for all response
magnitudes from a common starting position did not
change signiﬁcantly with the starting position, except
in subject KS (Fig. 8D, Table 2). The subjects and con-
ditions in which statistical signiﬁcance was obtained are
denoted with an asterisk symbol.4.2. Data of subject S.R.B.
4.2.1. Position characteristics
Characteristic diﬀerences were seen in the position,
velocity and acceleration proﬁles between the ﬁrst and
second sessions. The oscillations and overshoots seen
in the smaller responses (2 D) of the ﬁrst session were
completely absent in the smaller responses (2 D) of the
second session (Figs. 9A and B). The larger response
magnitudes did not show any signiﬁcant oscillations in
the two sessions (Figs. 9A and B). Exponential functions
describing the magnitude of primary overshoot as a
function of response magnitude quantitatively con-
ﬁrmed the ﬁndings seen in the position traces of thetwo sessions (Figs. 10A and B). Overall, in the ﬁrst ses-
sion, the magnitude of primary overshoots was larger
for the smaller response magnitudes than for the larger
response magnitudes and was more prominent in the
6 D starting position than in the 4 D starting position
(Fig. 10A). In the second session, the magnitude of pri-
mary overshoot did not change signiﬁcantly with the re-
sponse magnitude or with the starting position. An
analysis of the frequency of responses exhibiting over-
shoots for each response magnitude bin could not be
performed due to insuﬃcient test conditions in the two
sessions.
4.2.2. Velocity characteristics
The velocity proﬁles shown in Figs. 9C and D
showed a linear increase in velocity with time in both
sessions until the peak velocity was reached. The peak
velocity remained invariant of the response magnitude
for both starting positions in the ﬁrst session (Fig.
10C) while it increased signiﬁcantly with response mag-
nitude for each starting position in the second session
(Fig. 10D). The peak velocity for the smaller response
magnitudes was higher in the ﬁrst session than in the
second session while the peak velocity for the larger re-
sponse magnitudes was similar in both sessions (Figs.
9C and D). The peak velocity increased with the prox-
imity of the starting position in both sessions (except
4 D and 5 D starting positions in second session) (Sin-
gle Factor ANOVA and Bonferroni multiple compari-
son procedure: F-value: <0.01). The Type-I main
sequence relationships shown in Figs. 10C and D and
Table 3 quantitatively conﬁrmed the ﬁndings seen in
the velocity traces. Overall, in both the 4 D and 6 D
starting positions, the smaller response magnitudes
(e.g., 2 D) had higher peak velocities in the ﬁrst session
than in the second session while the larger response
magnitudes (e.g., 4 D) had similar peak velocities in
both sessions. The TPV was constant with both re-
sponse magnitude and starting position in the ﬁrst ses-
sion (F-test: >0.05, Fig. 10E). In the second session, the
TPV increased signiﬁcantly with the response
magnitude for the 2 D, 5 D, and 6 D starting position
(P-value: <0.01), marginally for the 4 D starting posi-
tion (P-value: <0.05) and insigniﬁcantly for the 3 D
starting position (P-value: >0.4) (Fig. 10F). The TPV
did not change signiﬁcantly with the starting position
in the both sessions (F-value: >0.05) (Figs. 10E and
F). The mean TPVs for both the 4 D and 6 D starting
positions were signiﬁcantly shorter in the ﬁrst session
than in the second session for both the 4 D and 6 D
starting positions.
4.2.3. Acceleration characteristics
Similar trends were seen in the peak accelerations
for the ﬁrst session and second session (Figs. 9E and
F). In both sessions, the peak accelerations remained
Fig. 8. (A) Peak acceleration of disaccommodation is plotted as a function of starting position for all subjects (except S.R.B.). The solid line
represents the linear regression equation ﬁt to the data. (B) Mean peak acceleration is plotted for the three starting positions for all the subjects in the
defocus-only experiment and for subject DS in the defocus + size experiment. (C) Time-to-peak acceleration (TPA) is plotted as a function of starting
position for all subjects (except S.R.B.). The solid line represents the linear regression equation ﬁt to the data. (D) Mean TPA for the three starting
positions for all the subjects. The error bars in (B and D) indicate ±1 SD and the asterisk (*) symbol indicates statistical signiﬁcance at a P-value of
60.01 and NS indicates statistical insigniﬁcance.
Table 2
Mean peak acceleration and mean TPA for the 2 D, 3 D, and 4 D
starting positions for the six subjects in the defocus-only experiment and
for one representative subject (DS–) in the defocus + size experiment
Start position
(D)
Mean peak
acceleration (D/s2)
Mean time-to-peak
acceleration (ms)
KS 2 13.68 ± 3.13 82.31 ± 36.55
3 23.99 ± 4.29 107.85 ± 43.27
4 36.38 ± 7.38 125.17 ± 31.04
ER 2 26.86 ± 6.76 66.82 ± 24.65
3 30.72 ± 5.95 91.73 ± 37.76
4 38.12 ± 7.23 74.00 ± 29.23
AB 2 32.86 ± 9.03 89.72 ± 40.13
3 40.44 ± 10.44 88.83 ± 40.68
4 46.46 ± 12.36 110.83 ± 34.96
JM 2 44.10 ± 22.82 94.23 ± 36.71
3 73.50 ± 34.72 100.43 ± 35.57
4 75.67 ± 26.03 97.30 ± 39.92
MM 2 40.03 ± 12.99 103.78 ± 35.28
3 55.96 ± 17.57 114.14 ± 34.98
4 76.40 ± 23.03 111.25 ± 32.33
DS 2 58.99 ± 14.61 99.77 ± 28.43
3 77.74 ± 20.32 120.83 ± 37.88
4 81.80 ± 15.53 108.06 ± 31.54
DS– 2 63.46 ± 11.67 80.94 ± 33.08
3 74.30 ± 16.30 114.17 ± 45.82
4 83.20 ± 12.23 102.86 ± 39.70
The ± errors indicate 1 SD from the mean.
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starting position (Figs. 9E and F). In the ﬁrst session
the mean peak acceleration was higher for the 6 D
starting position than for the 4 D starting position
(Fig. 10G, Table 3). In the second session, the peak
acceleration increased only marginally with the prox-
imity of the starting position, except for the 2 D start-
ing position (F-value: <0.2) (Fig. 10G, Table 3). For
both the 4 D and 6 D starting positions, the mean
peak accelerations were signiﬁcantly higher in the ﬁrst
session than in the second session (P-value: <0.01)
(Fig. 10G) and peak acceleration increased signiﬁcant-
ly with starting position in the ﬁrst session, but only
marginally in the second session. The TPA remained
constant with response magnitude and starting posi-
tion in both sessions (not shown).
4.3. Defocus + size experiment
The position, velocity, and acceleration data of sub-
ject DS showed similar trends in the defocus + size
experiment as in the defocus-only experiment. For a
constant starting position, the defocus + size data
showed the peak velocity, TPV, and the peak accelera-
tion of disaccommodation to remain invariant of the
response magnitude from a common starting position
Fig. 9. An illustration of disaccommodation position (A and B), velocity (C and D), and acceleration (E and F) proﬁles for subject S.R.B. (A, C, and
E) Traces for the ﬁrst session, and (B, D, and F) traces for the second session.
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ation: >0.7). For each starting position, the peak veloc-
ities, TPVs and peak accelerations were averaged across
response magnitude. The peak velocities and peak accel-
erations increased signiﬁcantly with the proximity of the
starting position (single-factor ANOVA and Bonferroni
multiple comparison procedure, F-value: <0.01) (see
right most histograms in Figs. 6B and 8B). The TPV
and TPA increased signiﬁcantly between the 2 D and
4 D the starting positions (see right most histogram in
Figs. 6D and 8D). No statistically signiﬁcant diﬀerences
were found in any of the data obtained from thedefocus + size experiment and the defocus-only experi-
ment (Type-I main sequence slope and intercept,
P-value: >0.5; TPV as a function of response magnitude,
P-value: >0.7; peak acceleration as a function of re-
sponse magnitude, P-value: >0.8). The linear regression
equations for the peak velocity and peak acceleration
data and the averaged peak velocities, TPVs and peak
accelerations for the three starting positions are given
in the bottom row of Table 1. These results indicate that
the constant peak velocity, TPV, and peak acceleration
for a given starting position did not result from reduced
cues for changes of target distance.
Fig. 10. First- and second-order dynamic characteristics of disaccommodation are plotted for the ﬁrst session and second session of subject S.R.B.
The magnitude of the primary overshoot in the position traces is plotted as a function of response magnitude for the 6 D and 4 D starting positions in
the ﬁrst session (A) and second session (B). Type-I main sequence is plotted for the 4 D and 6 D starting positions in the ﬁrst session (C) and second
session (D). In the second session, the main sequence plot was computed for all starting positions but the data of the 5 D starting position has been
omitted in the ﬁgure for the sake of clarity The time-to-peak velocity (TPV) is plotted as function of response magnitude for the 4 D and 6 D starting
position in the ﬁrst session (E) and in the second session (F). Peak acceleration (G) for the 4 D and 6 D starting positions is plotted for the ﬁrst
session and 2 D–6 D starting positions for the second session. The closed histograms represent the ﬁrst session and the open histograms represent the
second session. The error bars indicate ±1 SD for each starting position. The asterisk (*) symbol indicates statistical signiﬁcance at a P-value of
60.01.
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The results of the ﬁrst experiment are summarized by
the following four points:1. For a constant starting position, the peak velocity,
TPV, peak acceleration, and TPA of disaccommo-
dation remains invariant of the response
magnitude.
Table 3
First session and second session data for subject S.R.B.
Session Start position (D) Type-I main sequence Mean peak velocity (D/s) Mean TPV (ms) Mean peak acceleration (D/s2)
First session 4 y = 0.14x + 9.06 8.62 ± 0.56 166.93 ± 31.75 82.72 ± 15.32
6 y = 0.14x + 10.76 11.10 ± 0.57 123.28 ± 25.22 112.76 ± 21.14
Second session 2 y = 1.21x + 2.39 — — 36.73 ± 13.84
3 y = 1.28x + 3.61 — — 53.95 ± 21.70
4 y = 0.83x + 6.38 — — 66.93 ± 15.89
5 y = 1.52x + 4.78 — — 66.36 ± 13.88
6 y = 1.10x + 7.20 — — 77.44 ± 20.52
Type-I main sequence linear regression equations, mean peak velocity, TPV and mean peak acceleration for 4 D and 6 D starting positions in ﬁrst
session and 2 D, 3 D, 4 D, 5 D, and 6 D starting positions in second session. The dashes (—) indicate that the parameter was not constant but
increased linearly with response magnitude. The linear regression equations could be found in the text and in the respective ﬁgures.
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mon ending position (0 D), the peak velocity and
peak acceleration of disaccommodation increased as
a function of the response magnitude while the TPV
and TPA remained invariant of the response
magnitude.
3. For the 2 D, 3 D, and 4 D starting positions, the peak
velocity and peak acceleration of disaccommodation
increase with the proximity of the starting position
while the TPV and TPA remain constant with start-
ing position.
4. Smaller magnitude responses from near starting
positions are unstable and have overshoots or
oscillations.
The data of subject S.R.B. could be summarized in
the following ﬁve points:
1. Position characteristics: In the ﬁrst session, the small-
er magnitude responses showed signiﬁcant over-
shoots and oscillations before attaining a stable
steady-state. These oscillations were either minimal
or completely absent in the smaller magnitude
responses in the second session. This demonstrates
that overshoots or oscillations can be reduced with
practice by lowering both peak acceleration and peak
velocity and increasing time-to-peak velocity.
2. Peak velocity characteristics: For a constant starting
position, the peak velocity remained invariant with
the response magnitude, in the ﬁrst session, but the
peak velocities increased with the response magnitude
in the second session. In both the sessions, the peak
velocities increased with the proximity of the starting
position. The peak velocities for smaller magnitude
responses were higher in the ﬁrst session than in the
second session while the peak velocities for larger
magnitude responses were similar in both sessions.
3. TPV characteristics: For a constant starting posi-
tion, the TPV remained invariant with response
magnitude, in the ﬁrst session, but the TPV
increased with the response magnitude in the second
session. The TPV did not change with startingposition in either session. The TPVs for all response
magnitudes were shorter in the ﬁrst session than in
the second session.
4. Peak acceleration characteristics: For a constant
starting position, the peak acceleration was invariant
of response magnitude in both the sessions. The peak
acceleration also increased with the proximity of the
starting position in the ﬁrst session but less so in
the second session. The mean peak accelerations were
higher in the ﬁrst session than in the second session.
5. TPA characteristics: For a constant starting position,
the TPA remained invariant with response magnitude
and starting position, in the both sessions. The TPA
did not diﬀer in magnitude in the two sessions.
The Type-I and Type-II main sequence trends ob-
served for the six subjects and in the ﬁrst session for sub-
ject S.R.B. (Figs. 5A–D) are consistent with previous
observations of the invariance of peak velocity with re-
sponse magnitude when the starting position of disac-
commodation stimuli is constant (Kasthurirangan &
Glasser, in press; Yamada & Ukai, 1997) and an in-
crease in peak velocity with response magnitude when
the ending position of disaccommodation stimuli is con-
stant (Kasthurirangan et al., 2003; Mordi & Ciuﬀreda,
2004; Vilupuru & Glasser, 2002). Our results clearly
demonstrate the importance of measuring both the
Type-I and Type-II main sequences to understand the
dynamics of disaccommodation. The Type-II main se-
quence alone might lead one to believe that increase in
peak velocity of disaccommodation is associated with
increased response magnitudes. However, the Type-II
main sequence was constructed using a subset of data
(data for all stimuli ending at 0-diopters) from the
Type-I main sequence. In the Type-II main sequence,
larger response magnitudes corresponded to more prox-
imal starting positions and smaller response magnitudes
corresponded to more distal starting positions. This
shows that the increase in starting position was respon-
sible for the increase in peak velocity as opposed to an
increase in response magnitude. In addition, this study
also showed that the trends in peak acceleration were
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both the ﬁrst- and second-order dynamics of disaccom-
modation step responses depend on starting position.
Alvarez, Semmlow, and Pedrono (2005) reported that
disparity driven divergence step responses also exhibit
similar starting position dependent velocity characteris-
tics. The peak velocity of similar magnitude (4) diver-
gence eye movements increased with the proximity of
starting position. Our inspection of their illustrations re-
veals that the initial slope of the velocity proﬁles (giving
an estimate of the response acceleration) also increased
with the proximity of starting position. The time-to-
peak velocity (taken as the time from start of the re-
sponse to the time when the peak velocity is reached)
changed insigniﬁcantly with the starting position. These
observations are very similar to those obtained for
disaccommodation step responses in our experiment
and suggest that the starting position dependent charac-
teristics could have a common neural origin. Gamlin
and colleagues (Gamlin & Clarke, 1995; Gamlin, Yoon,
& Zhang, 1996) have identiﬁed near-response cells in the
primate prearcuate cortex, nucleus reticularis tegmenti
pontis (NRTP), and the posterior interposed nucleus
(IP) that modulate their ﬁring rates in response to com-
bined changes in disaccommodation and divergence
(far-response). The starting position dependent charac-
teristics of the two systems could be a reﬂection of the
ﬁring properties of these neurons. Since the mechanical
properties of the disaccommodation plant (crystalline
lens, ciliary muscle, choroid, and suspensory zonules)
are very diﬀerent from those of the oculomotor plant
(lateral rectus and medial rectus muscles), it is unlikely
that the starting position dependent characteristics of
disaccommodation and divergence are mechanical in
origin.
5.1. Dynamic control of disaccommodation and starting
position
The peak velocity and peak acceleration remained
invariant of the response magnitude for a constant start-
ing position and they increased with the proximity of
starting position in all our subjects, including S.R.B.
(Figs. 6A and B, 8A and B and 10C and D). This sug-
gests that, for a constant starting position, a constant
relaxation force is applied by the ciliary muscle and
the magnitude of this relaxation force increases with
the proximity of the starting position. Further, none of
the responses showed large lags or leads of disaccom-
modation implying that the responses attained their de-
sired steady-state responses. However, small responses
tend to overshoot before reaching the steady-state at
the end of the response (Figs. 3A and B). These respons-
es are qualitatively similar to those observed for relaxa-
tion of accommodation by Shirachi et al. (1978), Sun
and Stark (1986), and Yamada and Ukai (1997). Theseobservations suggest that all disaccommodation
responses, irrespective of the step stimulus magnitude,
are initiated towards a constant primary destination
and are switched mid-ﬂight to attain their desired ﬁnal
position. Large discrepancies between the primary desti-
nation of the initial response and the ﬁnal desired posi-
tion of the steady-state appear to produce the
overshoots of small responses from proximal starting
positions. The initial response appears to determine
both the peak velocity and peak acceleration properties
of the disaccommodation step response. This interpreta-
tion is in accordance with a model proposed by Yamada
and Ukai (1997). They suggested that, for a constant
starting position, the disaccommodation responses were
initiated towards a common initial destination point
which they proposed was the resting focus of accommo-
dation (Leibowitz & Owens, 1978), and the distance of
the starting position from the resting focus determined
the peak velocity of disaccommodation.
5.2. Eﬀect of size and defocus changes on
disaccommodation dynamics
Here and in our earlier experiment on the dynamics
of accommodation (Bharadwaj & Schor, 2005), retinal
image defocus was used as the primary cue for accom-
modation and disaccommodation. Retinal image defo-
cus greater than 2 D is an ambiguous cue for the
direction of focus error (Crane, 1966; Fincham, 1951;
Toates, 1972; Troelstra et al., 1964). This makes the fo-
cus error estimate for disaccommodation to step stimuli
greater than 2 D unreliable. It is possible that trends in
the dynamics of accommodation and disaccommoda-
tion could have resulted from the ambiguous nature of
the defocus stimulus. In both these experiments, we im-
proved the saliency of the defocus-magnitude estimate
by coupling retinal image size changes with optical defo-
cus. No signiﬁcant diﬀerences in the trends of the
dynamics of either accommodation or disaccommoda-
tion were observed in the defocus + size and defocus-on-
ly conditions. This suggests that the trends in the peak
velocity and peak acceleration of accommodation and
disaccommodation do not arise from the ambiguous
nature of retinal image defocus signal. Instead, for
disaccommodation, the increase in peak velocity and
peak acceleration with starting position and not defocus
magnitude could thus be a behavioral strategy employed
by the disaccommodation control system.
For accommodation, the increase in peak velocity
with response magnitude suggests that subjects could
have calibrated the initial open-loop phase of the
accommodation response to the magnitude of defocus
based on exposure to the stimuli at the beginning of
the experiment. Such a recalibration could have also
been necessitated by the dilation of the pupils in our
experiment. Following geometric optics predictions, in
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blur for constant focus-error increases with the size of
the pupil. Thus for accommodation, subjects may have
had to recalibrate the relationship between blur magni-
tude and defocus error with the dilated pupil. However,
factors such as the Stiles–Crawford eﬀect make the eﬀec-
tive pupil size smaller (Campbell, 1957; Charman &
Whitefoot, 1977; Stiles & Crawford, 1933), and the in-
creased aberrations associated with larger pupils (Char-
man, 1991) reduce the change in contrast associated
with defocus (Charman & Whitefoot, 1977; Levi,
1968), thus making a recalibration unnecessary. Finally,
Kotulak and Schor (1986) developed a computational
model that estimates the stimulus amplitude by taking
the ﬁrst derivatives of two time-varying functions based
on steady-state oscillations of the lens: the lens power
and retinal-image contrast. The ratio of these two deriv-
atives could yield the focus error magnitude.
5.3. Comparing the dynamics of accommodation and
disaccommodation
Earlier, we examined the ﬁrst- and second-order
dynamics of accommodation step responses (Bharadwaj
& Schor, 2005). Here, we sought to compare the dynam-
ic characteristics of accommodation with those obtained
for disaccommodation in this experiment. Since the
dynamics of accommodation and disaccommodation
were obtained from two diﬀerent groups of age-matched
individuals (accommodation: 23–35 years; disaccommo-
dation: 21–32 years), we have compared the trends in
their dynamic properties. This comparison revealed
both similarities and dissimilarities in the dynamic
trends of accommodation and disaccommodation,
which suggests diﬀerences in their neural control
strategies.
Contrasting trends were observed in the velocity
characteristics (peak velocity and TPV) of accommoda-
tion and disaccommodation responses for a given start-
ing position. The peak velocity of accommodation
responses starting at 0 D increased linearly with re-
sponse magnitude (y = 1.58x + 3.42) while the peak
velocity of disaccommodation from a ﬁxed starting po-
sition remained invariant of response magnitude. Simi-
larly, the TPV (equivalent to the total duration of
acceleration in Bharadwaj & Schor, 2005) of accommo-
dation increased with the response magnitude
(y = 29.53x + 134.08) while the TPV of disaccommoda-
tion changed insigniﬁcantly with the response magni-
tude. Similar trends were observed in the acceleration
characteristics (peak acceleration and TPA) of accom-
modative and disaccommodative responses from a con-
stant starting position. The peak acceleration of both
accommodation and disaccommodation remained
invariant of the response magnitude. Similarly, the
TPA of both accommodation and disaccommodationalso remained invariant of the response magnitude.
These trends in the dynamics of accommodation and
disaccommodation suggest that accommodation step
responses have a variable initial response that depends
on the response magnitude while disaccommodation
step responses have a constant initial response that is
independent of the response magnitude from a constant
starting position. Further, the initial and ﬁnal compo-
nents of the step responses have a common destination
for accommodation but they have diﬀerent destinations
for disaccommodation.
The peak velocity of accommodation step responses
increased with response magnitude when they were elic-
ited from a constant starting point of 0-diopters
(y = 1.58x + 3.42). Similarly, the peak velocity of disac-
commodation step responses also increased with re-
sponse magnitude when they were elicited towards a
constant ending point of 0-diopters (Type-II main se-
quence: y = 1.67x + 2.18) (Figs. 5C and D). The coeﬃ-
cients of the regression equation imply that
accommodation and disaccommodation step responses
of similar magnitudes stepped from and to a common
distance (0-diopters) traveled with similar speeds. The
accommodation and disaccommodation main sequence
trends obtained in our experiments were similar to those
obtained in earlier studies (Ciuﬀreda & Kruger, 1988;
Croft et al., 1998; Kasthurirangan et al., 2003; Mordi
& Ciuﬀreda, 2004; Schaeﬀel et al., 1993; Vilupuru &
Glasser, 2002).
Our results diﬀer from those of Schaeﬀel et al. (1993)
and Kasthurirangan et al. (2003) in that they observed
disaccommodation step responses to have higher peak
velocities than accommodation step responses. Howev-
er, their results cannot be compared directly with ours
for atleast two reasons. One, we measured accommoda-
tion and disaccommodation step responses on age-
matched but diﬀerent individuals while Schaeﬀel et al.
(1993) and Kasthurirangan et al. (2003) measured both
accommodation and disaccommodation step responses
on the same individuals. The dynamics of these step
responses are known to exhibit signiﬁcant inter-individ-
ual variability (Heron et al., 2001; Schaeﬀel et al., 1993).
It is possible that, in our results, the diﬀerences in the
peak velocities of accommodation and disaccommoda-
tion could have been masked by the inter-individual var-
iability and that these diﬀerences would become more
salient if both accommodation and disaccommodation
were tested on the same individual. Second, diﬀerent
methods were employed to collect and analyze the data
in these experiments. We used an infrared optometer
with a high sampling frequency (200 Hz) to record
accommodation and disaccommodation responses and
estimated the peak velocity directly from the position
traces without assuming any function for the step
responses. Schaeﬀel et al. (1993) and Kasthurirangan
et al. (2003) used the photorefraction technique with
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respectively) to measure accommodation and disaccom-
modation step responses. Schaeﬀel et al. derived their
velocity proﬁles using a seven-point sliding regression
algorithm (Schaeﬀel, 2005) while Kasthurirangan et al.
derived the peak velocity by assuming an exponential
ﬁt to the position traces. Shirachi et al. (1978) show that
the exponential function is only a ﬁrst-order approxima-
tion of the accommodative step responses and it is best
described with higher-order non-linear function. This
approximation could also account for the diﬀerences
in the results of our experiment and those of Kasthuri-
rangan et al. (2003).
Do accommodation and disaccommodation step
responses use similar strategies to increase their peak
velocities? Peak velocities could be increased by either
increasing the peak acceleration in proportion to the re-
sponse magnitude, or by holding ﬁxed peak acceleration
for longer durations. For accommodation step respons-
es, the peak acceleration remained invariant of the
response magnitude while the total duration of acceler-
ation increased with response magnitude (Bharadwaj
& Schor, 2005). This suggests that increments in peak
velocity of accommodation are achieved by holding
ﬁxed peak acceleration for longer durations of time.
For disaccommodation step responses, the peak acceler-
ation increased with the starting position while the TPV
remained invariant of the starting position. This sug-
gests that increments in peak velocity of disaccommoda-
tion are achieved by increasing the peak acceleration in
proportion to the response magnitude. Thus, accommo-
dation and disaccommodation step responses use diﬀer-
ent strategies to increase their peak velocities with
response magnitude.
5.4. Data of subject S.R.B.: Inﬂuence of training on the
dynamics of disaccommodation
The ﬁrst- and second-order dynamics of subject
S.R.B. were on average more sluggish or damped in
the second session than in the ﬁrst session. The sluggish-
ness was more prominent for the 6 D starting position
than for the 4 D starting position. The mean peak accel-
eration was lower in the second session than in the ﬁrst
session (Fig. 10G). The smaller magnitude responses
had a lower peak velocity in the second session than in
the ﬁrst session while the larger magnitude responses
had similar peak velocities in the two sessions (Figs. 9C
and D and 10C and D). The reduction in peak accelera-
tion and peak velocity of the smaller magnitude respons-
es could be caused by dampening the amplitude of the
ﬁrst and second-order components of the response to
avoid unstable oscillations of small responses from near
starting positions. The time-to-peak velocity was longer
in the second session than in the ﬁrst session (Figs. 10E
and F). This suggests that the peak velocities were fullyrestored for larger magnitude responses, and partially re-
stored for smaller magnitude responses in the second ses-
sion by accelerating longer at lower peak accelerations.
The changes in the dynamic trends in the second ses-
sion could be a result of an alteration in the neural con-
trol strategy of disaccommodation to one similar to the
dynamic control of accommodation, as described by
Schor and Bharadwaj (2005). Over the course of this
experiment, subject S.R.B. became well trained in the
disaccommodation task by taking part in numerous
experiments. We speculate that the change in his control
strategy is a result of this extensive training. Disaccom-
modation normally begins with a response toward a
common initial destination point as described by Yam-
ada and Ukai (1997), however after training, disaccom-
modation by S.R.B. appears to have begun with a
response toward the ﬁnal destination. This is the same
control strategy as described for accommodation by
Schor and Bharadwaj (2005). Adaptation of static and
dynamic properties of human ocular accommodation
has been demonstrated earlier. For example, the resting
focus of accommodation is adapted following prolonged
periods of near work (Rosenﬁeld et al., 1994; Schor,
Johnson, & Post, 1984) and the abnormally sluggish
dynamics of accommodation can be improved with
practice (Bobier & Sivak, 1983; Liu et al., 1979). The
changes in dynamics of disaccommodation between
the ﬁrst and second sessions by subject S.R.B. provides
additional evidence for the adaptable nature of the
dynamics of disaccommodation. Further experiments
are however warranted to explore these dynamic adapt-
able properties in greater detail.6. Conclusion
This study demonstrates and conﬁrms earlier ﬁndings
(Kasthurirangan & Glasser, in press; Yamada & Ukai,
1997) that disaccommodation step responses exhibit
starting position dependent ﬁrst- and second-order
dynamics. For a constant starting position, the peak
velocity and peak acceleration of disaccommodation re-
mained invariant of the response magnitude and they in-
creased with the proximity of the starting position.
These observations suggest that all disaccommodation
step responses, irrespective of their response magnitude,
are initiated towards a constant primary destination and
are switched mid-ﬂight to attain their desired ﬁnal posi-
tion. Large discrepancies between the primary destina-
tion of the initial response and the ﬁnal desired
position of the steady state appear to produce the over-
shoots and oscillations of small responses from proximal
starting positions. These overshoots or oscillations can
be reduced with practice by reducing both peak acceler-
ation and peak velocity and increasing time-to-peak
velocity.
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